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Introduction
Imbalance between energy demand and energy supply affects several kind of technologies. Such issue is especially relevant for energy systems; typical examples include solar energy utilization, thermal power generation, combined cooling, heating & power system and air conditioning. As a consequence energy storage plays a fundamental role when it is necessary to fill the gap between energy availability and the need. The most common thermal energy storage technologies are sensible heat storage and latent heat storage. Latent heat thermal energy storage (LHTES) systems have received great attention of several researchers due to their high energy storage density, compactness and the possibility of storing and delivering energy at near constant temperature. In LHTES units phase change materials (PCM) are utilized which undergo melting or solidification process when energy transfer occurs between the PCM and the working fluid. In the last 25 years various typologies of PCM have been investigated; similarly several geometrical configurations have been studied for the PCM enclosures, such as spherical shell, cylindrical pipes and shell-andtube configuration. For a comprehensive review of LHTES system applications and PCM distinctive characteristics the reader can refer to papers by Agynem et al. [1] and Zalba et al. [2] . Despite the relative merit of latent heat energy storage the main disadvantage of such technology is related to poor thermal properties of PCMs, in particular low thermal conductivity of phase change materials often leads to unacceptable low melting and solidification rates. As a consequence overall effectiveness of the system is strongly affected. Therefore the advance of LHTES requires the understanding of thermal behaviour of PCM during the phase transition and the performance assessment of LHTES units. A great amount of investigations, both numerical and experimental, have been performed to enhance thermal performance of LHTES units and in particular the shell-and-tube configuration since it is closer to real PCM heat exchanger applications. Such configuration is characterized by the PCM filling a cylindrical shell while heat transfer fluid (HTF) flowing through inner tubes and therefore heat transfer takes place between the HTF and the PCM. Several strategies have been proposed to improve thermal performance of LHTES shell-and-tube units including use of high thermal conductivity metal foam [3] , encapsulation of the PCM [4] and use of highly conductive PCM-graphite composites [5] . However majority of heat transfer enhancement techniques are based on the use of fins or extended surfaces in order to increase heat transfer area between PCM and HTF. Early investigations were conducted by Choi and Kim [6] who determined heat transfer characteristic for finned and un-finned pipe units during solidification of MgCl 2 ·6H 2 O used as PCM. The authors reported that the ratio of heat transfer coefficient of finned to the un-finned pipe is 3.5 which indicates a significant improvement in thermal performance. Lacroix [7] presented a model based on the enthalpy method for predicting the behaviour of a shell-and-tube LHTES unit. Both finned and bare tubes were considered in the analysis. Several numerical simulations were conducted by the author in order to assess the effect of operating conditions, shell diameter and the presence of fins on the thermal behaviour of the system. The results indicate that radial fins are particularly effective for small HTF inlet temperatures and moderate mass flow rates. Ismail et al. [8] numerically and experimentally analyzed longitudinally finned tubes used in LHTES systems. The proposed numerical model considered heat conduction to be dominant while natural convection in the liquid PCM was neglected. The influence on the phase change process of several design parameters including number of fins, fins length and fin thickness was addressed by means of numerical simulations. Based on experimental and numerical results Ismail et al. [8] pointed out that a tube with five fins of radial length of twice the pipe diameter is the best compromise design in terms of efficiency, heat transfer rate and storage capacity. Erek et al. [9] investigated thermal energy storage in a shell-and-tube system with a finned tube. The analysis was conducted by mean of a numerical model that considered governing equations for HTF, PCM and pipe wall. The authors performed several numerical simulations to investigate the effect of fin spacing, fin diameter and operating conditions. As expected Ereck et al. [9] concluded that energy storage rate increases with increasing fin diameter and decreasing fin spacing. Agyenim and Hewitt [10] evaluated experimentally the heat transfer characteristics of a longitudinally finned shell-and-tube unit using RT58 a phase change material. Results from the analysis indicate that the use of extended surfaces allows reduce system size of 30%. In addition a 20% increase of HTF inlet temperature brings an increase of 45% of heat transfer coefficient and a 16% reduction of melting time.
Recently Ismail and Lino [11] presented the experimental results of the effect of radial fins and turbulence promoters on the phase change process in a latent heat storage system. Tests were conducted on bare tube and finned tube with different fin diameters. Ismail and Lino [11] pointed out that the increase of fin diameter brings a decrease of solidification time and an increase of solidification front velocity. The authors also derived from the experimental results several correlations that can be used for design porpoises. Chiu and Martin [12] proposed a design-tovalidation protocol for a finned latent heat storage heat exchanger. The author characterized the PCM though the T-history method in order to obtain thermophysical properties of the material. A finite difference model was then used by Chiu and Martin [12] to investigate the design of the heat exchanger. In particular a parametric study on PCM properties and on fin properties was conducted.
The results indicate that fin spacing greatly affects the performance of the system: a one fold increase of melting time is found when fin spacing is doubled. Performance of engineering devices are directly affected by the thermodynamic irreversibilities associated to transport phenomena such as heat transfer, mass transfer, etc. Entropy generation quantifies thermodynamic irreversibilities which destroy useful energy in a system and directly affect system performance [13] . From this prospective Second-law analysis is more adequate to investigate LHTES systems since the real purpose of thermal storage is to store useful energy, i.e. exergy as pointed out by Bejan [14] . Second-law based performance evaluation of LHTES systems are commonly conducted by means of black-box models or reduced models which do not provide detailed description of the geometry and how thermodynamic irreversibilities are distributed in the system: Bejan [13] investigated a latent heat storage and found optimal melting/solidification temperature which maximize the rate of exergy that can be extracted from PCM. However Bejan [13] considered the system as homogeneous thus no detailed information were obtained about local phenomena in the system. Kousksou et al. [15] developed a model for the analysis and the optimization of cylindrical latent heat storage tank coupled with a solar air heating collector. Both energy and exergy analysis were conducted by the authors in order to understand the behavior of the system. The results show that irreversibilities can be reduced by choosing carefully the melting temperature of the PCM. Ereck and Dincer [16] performed entropy generation and exergy efficiency analysis of a latent heat storage system during charging process. The global entropy generation rate was determined, however the distribution of entropy production within the system was not computed. These authors indicated that entropy generation is crucial for LHTES systems and that it should be carefully considered in order to increase system performance. However the authors did not performed any design improvement on the basis of the entropy generation results. Ezan et al. [17] carried out energy and exergy analyses for the charging period of an ice-on-coil thermal energy storage. Authors developed a numerical model using a thermal resistance network technique in order to investigate heat transfer in the system. They also numerically evaluated energy/exergy effectiveness which indicate that thermal and flow parameters of the heat transfer fluid are the key parameters for determining the performance of the system. However Ezan et al. [17] did not investigated local exergy destruction, i.e. entropy generation within the system. Jegadheeswarana and Pohekar [18] investigated the performance enhancement of a shell and tube storage unit by means of second law analysis. The authors developed a two-dimensional CFD model to solve numerically the phase change problem. The numerical results obtained were used to compute the overall entropy production but no information were given about local distribution of entropy generation rate. Jegadheeswarana and Pohekar [18] pointed out that irreversibilities can be reduced by adding high conductive particles to the PCM but they did not provide further details about performance improvements. MacPhee et al. [19] numerically studied the solidification process in encapsulated ice thermal energy storage system. Both energy and exergy efficiency were evaluated for spherical, cylindrical and slab capsule geometries and different operating conditions. The governing equations were numerically solved by means of a commercial finite-volume code.
Authors concluded that considerable increase in performance can be achieved by properly choosing HTF inlet conditions while varying capsule geometry had inconsistent effects on the efficiency depending on the operating conditions. Although they used a CFD model they only computed global entropy generation while no detail about local irreversibilities were investigated.
Although exergy analyses of shell-and-tube LHTES units have been performed by different researchers, literature lacks of Second-law performance evaluation of finned LHTES units as pointed out by Jegadheeswaran et al. [20] . In the authors' knowledge no detailed investigations and design improvements of finned LHTES systems have been performed on the basis of Second-law analysis. In this context the present paper aims at performing a design improvement of a finned shell-and-tube LHTES unit by means of entropy generation analysis. In this work phase change process is numerically study by means of a CFD model that takes into account of the thermo-fluiddynamic behavior of the system. Temperature, velocity and phase fields are obtained in order to characterize the heat transfer in the system. For the first time a detailed entropy generation analysis of a LHTES unit is performed. In particular, local distribution of entropy production rate is determined and analyzed in order to elucidate the sources of thermodynamic irreversibilities. Design improvements of the system are proposed on the basis of the entropy generation analysis results. Improved fin arrangements which allow to decrease solidification time and increase thermodynamic efficiency of the system are obtained. This works represents a first detailed investigation of the time evolution of entropy generation occurring during an unsteady process. This is particularly important since a clear tendency of many energy systems is the transient operation (e.g. renewable energy systems), therefore design methods should evolve in order to deal with this aspect.
Mathematical Model

Governing Equations
Figure 1 depicts the system investigated in this paper: it consists of a vertically orientated shell-andtube LHTES unit. Water is considered as heat transfer fluid and it flows through the inner pipe while phase change material is placed in the space between HTF pipe and the shell. The discharge process of the unit is studied in this work, thus initially liquid PCM at temperature higher than the melting point T m fills the shell. At time t > 0 water mass flow rate is allowed to flow through the pipe; inlet temperature T g is kept below PCM melting temperature T m . As a consequence, heat transfer between HTF and PCM takes place and solidification occurs. The discharge process of the LHTES unit is completed when PCM is completely solid. Both unfinned and finned tubes are considered in this paper; radial fins have an external diameter of 64 mm while different fins distributions are considered as illustrated in the next sections. For the numerical simulations performed in the paper the energy equation, the continuity equation, and momentum equation are considered. The energy equation for the PCM has been formulated as follow:
where ρ is the density and V  the velocity of the liquid PCM. In order to take into account of PCM phase change the enthalpy-porosity method has been employed [1, 21] . Accordingly, the specific enthalpy h is express as
In Eq. (2) L is the PCM latent heat, h ref is the enthalpy evaluated at the reference temperature T ref and γ is known as the liquid fraction and it is defined as follow:
Density variations due to phase transition have been neglected and Boussinesq approximation is employed. It follows that natural convection in the liquid PCM is taken into account by means of volumetric force term. Consequently continuity and momentum equations here used for the PCM are:
where p is the pressure, μ is the dynamic viscosity, g  is the gravity vector, β is the thermal expansion coefficient, T 0 is the reference temperature and S  is the momentum source term. The enthalpy-porosity formulation treats different phases as porous media by means of the following momentum source term S  :
where A mushy is a constant that describes how velocity is reduced to zero when the material solidifies. In this work A mushy is taken equal to 10 5 kg/(m 3 s). Classical Navier-Stokes equation and energy equation have been used to model the behavior of the HTF. Water flow is considered as laminar, thus no turbulence model is required. Laminar flow represents the worst case scenario concerning heat transfer between PCM and HTF. Indeed an increase of HFT mass flow rate leads to an increase of heat transfer coefficient which contributes to the enhancement of heat transfer between PCM and HTF. Consequently the following analysis and design improvement has been performed considering laminar flow because under such operating condition the impact of fins on heat transfer phenomenon is more relevant. Finally, thermal behavior of the fins is modeled by means of un-steady heat conduction equation. The PCM here considered is a paraffin wax RT55 produced by RUBITHERM [22] ; thermophysical properties are provided by the manufacturer and are reported in Table 1 .
Boundary Conditions and Numerical Approach
Initially liquid PCM is considered stationary and at the temperature of 60°C. The base case is characterized by a water inlet temperature of 35°C and a mass flow rate of 28.8 kg/h. Furthermore ambient pressure is imposed on the pipe outlet cross section. Finally the LHTES unit is considered as adiabatic. Three possible fin arrangements are studied in this work, in particular different numbers of fins, fin thickness and fin distributions are considered. Table 2 summarizes all the cases considered in this work. Finite volume method has been used to numerically solve partial differential equations by means of the commercial code FLUENT. The SIMPLE algorithm has been adopted in order to deal with the pressure-velocity coupling. Furthermore, a 2D axial-symmetric model has been adopted to describe LHTES system geometry. The grid has been systematically refined and a number of about 130000 cells has been found sufficient to ensure grid-independent results: Figure 2 depicts the time evolution of the heat flux in Case II for three different grids; it can be noticed that almost identical results are obtained with grids of 100k and 130k cells, thus the latter has been chosen for the analysis illustrated in the paper. A second order implicit scheme has been employed and the effect of time step has been also addressed; a time step ranging between 0.05 and 0.1 s has been found sufficient to obtain time-step independent solutions. For Case II the effect of time step on solidification time is illustrated in Table 3 . It is possible to observe that time step has a minor effect and that the time step chosen for the simulations ensures time independent solutions. Scaled residuals of the variables, including velocity components, mass and temperature have been monitored at each time step to ensure convergence. Specifically the solution has been considered converged when all residual were lower that 10 -6 . The model adopted in this paper has been validated by the authors against experimental results for LHTES unit and phase change problems. References [23, 24] describe validation studies that point out the capability of the model in predicting the behavior of LHTES systems.
First and Second-law analysis
The performance of the LHTES unit have been evaluated on the basis of first law following the approach introduced by Kaizawa et al. [25] . Specifically the heat release ratio has been used as figure of merit. The heat release ratio is defined as the ratio between the total energy released by the unit and the maximum storage capacity of the unit, that is:
where Ф is the heat flux exchanged between PCM and HTF, V is the volume occupied by the PCM and T i is the initial PCM temperature. Beside energy analysis, entropy generation analysis is proposed in order to identify and quantify the various causes of thermodynamic irreversibilities. Design improvement of the LHTES unit are obtained through the analysis of entropy generation rate distribution. The local entropy production can be derived from the transport equation for entropy written for a infinitesimal volume [13, 26] :
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where the first term is the contribution due to fluid friction and the second one is due to heat transfer. Assuming local equilibrium is possible to express s p as follow [26] [27] [28] :
is the heat flux, Δ is the strain tensor and τ is the stress tensor. The heat flux is obtained by means of Fourier's law:
while strain and stress tensor for a Newtonian incompressible fluid are expressed in the following way:
The entropy generation over the entire LHTES unit can be immediately obtained by means of integration, that is:
The integral appearing in the previous equation is extended over the entire LHTES unit illustrated in Fig. 1 . Overall system performance are evaluated on the basis of Second-law as follow [16] : 
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The denominator of Eq. (15) represents the rate of exergy released by the PCM, that is:
Equations concerning entropy generation have been implemented in FLUENT by means of User Define Functions (UDFs). Specifically at each time step local gradients of temperature and velocity are computed in order to evaluate local entropy generation rate through Eq. (10). Furthermore global entropy production is obtained by performing numerical integration (Eq. 14) at each instant of time.
From the previous equations it is clear that thermodynamic performance of the system can be globally improved at constant heat flux Ф by reducing the entropy generation number. However the entropy generation analysis here introduced allows one to perform a more detailed analysis of the device. From Eq. (10) is possible to analyze and interpret the local distribution of entropy generation and consequently improve LHTES unit configuration in order to reduce local peaks of entropy production and make its distribution more even. Therefore design improvements can be driven by a deeper understanding of local thermodynamic processes and related irreversibilites. The investigation performed in the paper is a typical thermodynamic analysis since it strongly depends on the concept of entropy production. Entropy generation stems from Second-law of Thermodynamics, therefore the entropy generation analysis is very general and it not restricted to a particular kind of system or process.
Results
Comparison of finned and un-finned LHTES unit
In this section thermo-fluid-dynamic behavior of LHTES unit with bare pipe and finned pipe are presented and compared. Since different configurations have been analyzed, Case I and Case II reported in Table 1 are initially considered. Both cases are characterized by a water mass flow rate of 28.8 kg/h and an inlet temperature T g = 35°C. Figure 3 depicts the time evolution of solidification front: in Case I (no fins) solidification initially takes place along the pipe wall because of heat transfer established between HTF and PCM. The amount of solid PCM gradually increases with time until the shell is completely filled by the solidified PCM. It can be noticed from Figure 3 that the solid layer thickness does not vary significantly along the z-axis. Natural convection currents take place in the shell of the unit: liquid PCM raises along the shell wall while it descends along the cold solid PCM. The solidification process is only slightly affected by buoyancy in the top and bottom portion of the unit. Indeed small variations of solid PCM thickness can be observed in Figure 3 . Therefore PCM solidification is mainly dominated by heat conduction, because solid PCM layer progressively increases around the HTF pipe and the corresponding thermal resistance also increases. A similar situation takes place when radial fins are considered: solidification starts along the fins and pipe walls, consequently the solidification front assumes a wavy shape as can be appreciated from Figure 3 . Fins enhance the solidification process since, at a given time, the amount of solid PCM is larger for Case II than for Case I. Such effect is more marked for late solidification stage as can be seen from the last contour of Figure 3 .
The average heat flux exchanged between HTF and PCM is shown in Figure 4 left. In both cases the initial heat flux is very large then it decreases with time. The heat transfer enhancement due to fins can be clearly seen from Figure 4 left, indeed heat flux is larger for Case II until solidification is complete. As a consequence, finned LHTES unit is preferred as can be also concluded from the time evolution of heat release ratio η reported in Figure 4 right. It can be appreciated that η at any time is larger for Case II, indicating a faster solidification rate and therefore better performance accordingly to energy analysis. Solidification time is reduced of about 15% when radial fins are used. Finned and un-finned units have been investigated also according with the Second-law analysis. Figure 5 left depicts the time evolution of global entropy generation within the system. Viscous entropy generation is negligible compared to heat transfer entropy production because flow field in the unit is laminar and therefore viscous stresses are small. Consequently the second term on the right hand side of Eq. (10) is not relevant. It is important to stress that, when fins are introduced, entropy production is larger because the enhanced heat transfer induces larger thermal irreversibilities. The average heat flux is larger, therefore the exergy rate released by the PCM increases. As a result, the entropy generation number N s diminishes when fins are introduced. In particular time-averaged value of N s is reduced of about 5% for Case II in comparison to Case I. A better understanding of the origin of thermodynamic irreversibility can be achieved by investigating the distribution of local entropy production. Figure 6 depicts the entropy generation due to heat transfer at different times. For both cases at the beginning of the solidification process entropy production is mainly localized within the HTF pipe and in particular along the tube wall. Furthermore larger entropy production can be observed near the outlet section of the pipe. Such distribution of s h can be understood by observing the temperature contours reported in Figure 7 : thermal boundary layer initially develops along the pipe wall, therefore in such region large temperature gradients are found. Moreover, temperature is lower on the water side, therefore large entropy generation due to heat transfer is observed. In the un-finned LHTES unit, s h is also relevant on the PCM side: since heat transfer is established between PCM and HTF, temperature gradients are observed near the pipe wall on the PCM side, thus entropy generation is observed in this region. For Case II, heat flux is mainly exchanged through the fin surface. At t = 1000 s s h is not relevant near the tube wall on the PCM side while it is mainly localized near the fins. As solidification progresses, the entropy generation becomes relevant in most part of the shell, in particular s h is predominant where PCM is already solid. Indeed s h distribution assumes a shape similar to the solidification front illustrated in Figure 3 . It is interesting to notice that at t = 10 4 s a local minimum of s h is found near fin roots while entropy generation remains relevant between fins. Thus the presence of radial fins determines a local reduction of the entropy generation. Furthermore from Figure 6 it is also possible to notice that entropy production is more relevant in the upper region of the system, especially for late stage of the solidification process.
Effect of number of fins
The analysis of the local distribution of the entropy generation rate can be used to improve the LHTES unit geometry and in particular the fin arrangement. Accordingly to Eqs. (15) and (16) system performance can be improved by modifying its design in order to reduce the entropy generation number N s . This goal can be achieved by reducing entropy generation without penalizing the rate of exergy released by the PCM. However, a second situation may occur: an increase of entropy production is not necessary a drawback if it is accompanied by a sufficient increase of exergy flux and a consequent decrease of N s . The design should tend to make the local entropy production distribution more homogeneous as possible, without necessarily minimizing it. In order to consider comparable cases in the following analysis total volume occupied by fins is considered as constant. Therefore the maximum energy that can be stored in the unit is the same for all the cases. According with the previous results, the upper part of the LHTES unit and the region between two fins are the points where entropy generation is larger and where geometry changes are more appropriate. The first design improvement of the finned unit consists in halving the axial distance between two radial fins. Consequently, the first improved design (Case III) consists in a LHTES unit with 27 fins which thickness is reduced by half compared to the initial finned configuration (Case II). In Figure 8 , entropy generation distributions in the new LHTES unit and in the original finned configuration are compared. Some improvements can be observed: at the beginning of the solidification process, i.e. t = 3000 s, the extent of the high entropy generation region near the pipe is slightly reduced when a more dense fin distribution is considered. Though the effect is not particularly marked since at early times solidification takes place mainly along the outer surface of the pipe. However major differences can be observed at t = 10 4 s since at this stage solidification occurs along the entire surface of the fins and therefore the effect of the new configuration on the local entropy generation is more clear. In Case III smaller entropy production can be observed in the region between the fins, furthermore thermodynamic irreversibilities are also reduced near the pipe surface in comparison to the original LHTES unit configuration. Moreover, when more fins are introduced, entropy production is also reduced in the upper part of the system as can be noticed from Figure 8 at axial coordinate z = 0.85 m. The new fin arrangement allows one to improve the LHTES unit performance: solidification time is reduced of 16% for Case III in comparison to Case II. Time-averaged value of N s is about 0.2 for both Case III and Case II, therefore Second-law performances are similar, although heat transfer is enhanced for Case III since solidification time is reduced. This means that global entropy generation S p is higher for Case III but also exergy flux Ex in is augmented.
Effect of fin distribution
A second step in the LHTES unit design improvement consists in modifying the fins axial distribution along the HTF pipe. It can be noticed from Figure 8 that the upper part of the system remains the most critical one also in Case III. In particular, it can be observed that entropy generation is still relevant near the top of the LHTES unit especially during the late stage of PCM solidification. Therefore, in order to further improve the performance of the system, the possibility of using a non-uniform axial distribution of fins is proposed. In particular a more dense fin distribution in upper region is here adopted while the same number and thickness of fins of Case III have been employed. Specifically, a fin spacing contraction factor C f of 0.975 has been used, that is the ratio between any two subsequent fin spacing is equal to 0.975. As a result, more fins are found in the upper part of the LHTES unit. Figure 9 illustrates how local entropy generation due to heat transfer is affected by the non-uniform fins distribution (Case IV). Although no particular differences can be noticed at the beginning of the solidification process, for time larger than 10 4 s it can be observed that entropy production is more homogeneously distributed for Case IV, in particular s h is reduced in the region above axial coordinate z = 0.6 m. Thus the fin distribution adopted for Case IV allows one to improve Secondlaw performance of the LHTES unit, indeed time-averaged value of N s decreases of 17% for Case IV in comparison to Case III. Figure 10 shows time-wise evolution of heat release ratio η and entropy generation number N s for the three fin arrangements considered in this paper. It is clear from the evolution of η that a larger number of fins allows a faster discharge of the LHTES unit, however heat release ratio is not particularly affected by the fin distribution along the HTF pipe. Indeed heat release ratio is almost identical at any time for Case III and Case IV. On the other hand, entropy generation number N s and therefore Second-law performance are significantly affected by the way fins are distributed along the LHTES unit. From Figure 10 it is possible to appreciate that N s is smaller for Case IV especially during late stage of solidification process. Then a non-uniform distribution of a fins allows to improve Second-law efficiency and also decrease the solidification time, enabling a faster and more efficient discharge of the unit. Finally Figure 11 depicts time averaged values of Second-law efficiency and global entropy generation per unit volume for Case II, III and IV. It is interesting to notice that when a larger number of fins are considered, that is in Case III and Case IV, the global entropy generation increases compared to Case II. As indicated previously, larger thermodynamic irrevesibilities are not necessarily a disadvantage. In fact it is possible to observe from Fig. 11 right that Second-law efficiency is larger for Case III which also presents the larger of global entropy production.
Conclusions
In this paper, a Second-law analysis of a shell-and-tube latent heat thermal storage unit has been performed. The analysis of the solidification process has been conducted by means of a CFD model that takes into account of the phase change problem through the enthalpy method. The model has been used to compute the thermodynamic irreversibilities associated to fluid friction and heat transfer. Furthermore the analysis of local entropy generation has been used in order to improve LHTES unit performances through the use of radial fins. The analysis shows that entropy generation due to fluid friction is always negligible compared to heat transfer entropy production and therefore the latter must be considered in order to improve the performance of the unit. Furthermore the analysis shows that the region between two fins and the upper part of the LHTES unit are the points where entropy generation is locally higher and therefore where geometry changes are more proper. In order to improve the system performance two design modifications have been considered: an increase of number of fins and a non-uniform distribution of fins along the heat transfer fluid pipe with the constrain of constant volume occupied by the fins.
The results indicate that doubling the number of fins which thickness is reduced by half compared to the initial configuration allows to obtain a more uniform distribution of local entropy generation. As a result solidification time decreases of 16% compared to the original fins configuration. Global entropy generation increases when the number of fins is increased because of the enhanced heat transfer between PCM and HTF. However Second-law efficiency is unaffected since also exergy flux also increases when a large number of fins is considered. Solidification time is not affected by the axial distribution of fins. However a more dense distribution of fins in the upper part of the LHTES unit allows to obtain an increase of 5% in Second law efficiency. The time evolution of entropy generation number shows that a non-uniform distribution of fins is particularly effective during the late stage of the solidification process when the remaining liquid PCM is located in the upper region of the LHTES unit. As a result, the time averaged value of entropy generation number decreases of 17%.
In conclusion, this paper shows that entropy generation analysis can be effectively used for the design improvement of advanced thermal storage systems. This analysis must be performed in transient conditions, which is a novelty proposed here. The application highlights that there are critical parts of the process, occurring in specific moments, that should be improved first. Effective changes in the design should be performed in order to improve the performances in these moments. The entropy generation analysis allows one to capture opportunities for performance improvement, therefore this tool is shown to be effective even in the case of transient operation of energy systems. This is an important result, since there is a clear tendency in various modern energy systems towards transient operation. Table 1. Thermophysical properties of the PCM (RT55) [22] . Table 2 . Computational cases studied. Table 3 . Results from time step independence analysis. Figure 6 . Entropy generation due to heat transfer. Case I and Case II. Figure 7 . Temperature distribution in the HTF and PCM region. Case I and Case II. Figure 8 . Entropy generation due to heat transfer. Case II and Case III. Figure 9 . Entropy generation due to heat transfer. Case III and Case IV. Figure 10 . Left) Heat release ratio η. Right) Entropy generation number N s . Case II, III and IV. Figure 11 . Left) Global entropy generation. Right) Second-law efficiency.
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Figure 3. Contours of liquid fraction; Case I and Case II.
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